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Abstract

Diesel engines are responsible for emission of particulate matters in industrial cities. Soot particles or
particulate matters in diesel exhausts contain solid carbon, adsorbed organic compounds from the unburned
fuel and products of its partial oxidation, as well as inorganic compounds, e.g., sulphate ions, water and
incombustible mineral residue. Soot has a strong affect on ecology in general and on human population health.

This minireview presents the information on the state of the art for soot removal from diesel exhausts,
as well as the modern trends and recommendations. Soot particles can be removed from diesel exhausts
using coagulation and precipitation methods, which do not have required efficiency. Application of soot
filters with catalytic coating is known to be more effective. Pt-based catalytic washcoats ensure soot oxidation
by oxygen at 550—650 °C. NO,, addition makes it possible to decrease the soot oxidation temperature to 300—

400 °C over Pt catalysts and Cu-containing zeolites.
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INTRODUCTION

In recent years, the content of harmful
impurities in the air of big cities tends to in-
crease due to the growth of traffic and num-
ber of cars. According to the data from No-
vosibirsk Municipal Committee on Environment
and Natural Resources [1], the main sources
of air pollution in Novosibirsk are automobile
transport and power stations. The contributions
of local boilers and industry are less signifi-
cant. In 2014 the contributions of motor trans-
port and power stations in the environmental
pollution of the city were about 61 and 33 %,
respectively [1]. Exhaust gases of vehicles main-
ly contained carbon monoxide (CO), hydrocar-
bons (CH) and nitrogen oxides (NO,). Mean-
while, emissions from stationary sources were
dominated by carbon black.
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Toxic components, such as CO,
hydrocarbons, NO and soot, are formed by
incomplete fuel combustion under oxygen
deficiency according to the following reactions:
CH, + (0.5 + 0.25x)0, — CO + 0.52¢H,0
CH, - CgHg (CgH,g)

N, + O, - 2NO, (at elevated pressure and
temperature)
CH, + 0.25x0, —» C + 0.5xH,0 (H,)

The contents of individual toxic compounds
depend on the engine type, its operating con-
ditions, fuel composition, and can be varied in
a wide interval. Table 1 shows the compositions
of exhausts from gasoline and diesel engines.
Diesel engine exhausts contain 10 times less CO
and 30 times less CH compared to gasoline en-
gines. Therefore, for a long time diesel engines
were considered to be more environmentally
friendly. However, diesel engines produce higher
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TABLE 1

Composition of automobile engine exhausts [2]

Parameters Gasoline Diesel
Average fuel consumption, kg/h 2.75 0.087
Total amount of exhaust gases (at 0 °C), m®/h 28.95 0914
Ny, vol. % 74-77 74-78
0O,, vol. % 0.3-8 2-18
H,0, vol. % 3-5.5 0.5-9
CO,, vol. % 5-12 1-12
Total amount of toxic compounds, vol. % 1-2 0.3

CO, ppm 5000—12 000 50—4000
CH, ppm 2000—30 000 90-3000
NO,, ppm 100—8000 40-5000
SO,, ppm 200 18—200
Particulate matter, g/m? 0—-0.04 01-1.1
Aldehydes, ppm 40 20

Ash
(MSO,, MO,)
13 %

Hydrocarbon

C=C aromatic

| 0.05 C—H aromatic

Absorbance

3500 3000 2500 2000 1500 1000 500
Wavenumber, cm ™!

Fig. 1. Diesel soot particles: image and chemical composition.
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emissions of soot particles. Their concentrations
vary in the range of 0.1-1.1 g/cm?®, depending
on the engine type and fuel composition [2]. It
should be noted that diesel engines are responsi-
ble for 20 % of particulate matter emissions in
industrial European cities [3] and up to 60 % in
Russian cities [1].

The morphology, chemical composition and
microstructure of diesel soot were comprehen-
sively discussed in a number of scientific publi-
cations and summarized in several reviews [4—8].
So, here we shall very briefly outline its main
characteristics. Diesel soot (Fig.1) consists of
microscopic solid carbon nanospheres with the
size of 10—80 nm. Heavy hydrocarbons (paraf-
fin, aromatic, oxygenated compounds and other
soluble organic substances) from fuel and lu-
bricant oil as well as some inorganic compounds,
e. g. sulphate ions and water formed during the
diesel fuel combustion, are adsorbed on their
surface [4—9]. There is also incombustible min-
eral residue (ash) consisting of metal sulphates/
oxides from engine corrosion, wear (Fe, Cu,
Cr, Si, Al) and lube oil with additive package
(Zn, Pb, P, S), and other small particulates
[4—8]. These diesel soot nanoparticles agglom-
erate to form chain-like particles with the size
of 0.1-1.0 pm (see Fig.1) [4, 5]

Standards limiting the contents of toxic sub-
stances in exhausts of internal combustion en-
gines have been accepted in the USA, Califor-
nia, Japan, and in the majority of European
countries in the 1980s and 1990s. A Resolution
of the Russian Federation government [10] on

TABLE 2

introduction of emission standards from Euro 2
(with December 10, 2005) to Euro 5 (January 1,
2014) in Russia was accepted in 2005. However,
despite the adopted resolution [10], the Euro 5
standard on all Russian-made and imported cars
is planned to be introduced in Russia only on
January 7, 2016 [11]. Meanwhile, the Euro 6 stan-
dard is in effect in Europe since 2015. Emission
standards for vehicles with diesel engines are pre-
sented in Table 2. Note that starting from the
Euro 5 specification the soot content is limited to
as low as 5 mg/km. At the same time the NO,
emissions should not exceed 0.18 g/km. There is
a major contradiction of diesel purification sys-
tems, which propose to decrease the soot emis-
sions by the temperature increase, which inevi-
tably leads to higher NO,, concentration. There-
fore, a solution is a compromise between the re-
moval efficiency of soot and nitrogen oxides.
Catalytic converters for the purification of
exhaust gases of automobile engines transform-
ing toxic components into harmless gases were
introduced in the 1970s. The first converters
used Pt—Pd catalysts supported on alumina
which only oxidized the HC and CO emissions
[12]. Stricter NO,, standards in the 1980s led to
development of three-way catalysts that simul-
taneously catalyze three types of reactions: CO
and HC oxidation and NO, reduction [12, 13].
In 1991, some European car manufacturers in-
troduced vehicles with installed diesel oxidation
catalyst (DOC) for reducing the soluble organic
fraction, including polyaromatic hydrocarbons
and aldehydes, in the particulate matter [14].

Normative and technical documents limiting the content of toxic components in the exhaust of vehicles

with diesel engines

Countries, emission standard Year of coming into force

Euro 2 Euro 3 Euro 4 Euro 5 Euro 6
Europe 01.01.1996 01.01.2000 01.01.2006 01.01.2010 2015
Russia® 12.10.2005 01.01.2008 01.01.2010 01.01.2014 -
UNECE 49-02
CO, g/km (g/kW [h) 1.0 (4.0) 0.64 (2.1) 0.5 (1.5) 0.5 (1.5) 0.5
CH, g/km (g/kW [h) 0.9 (1.1) 0.56 (0.66) 0.3 (0.46) 0.25 (0.46)
NO,, g/km(g/kW [h) (7.0) 0.50 (5.0) 0.25 (3.5) 0.18 (2.0) 0.08 (1.8)
Particulate matter, g/km 0.1 0.05 0.025 0.005 0.005

#According to [10].
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Type, operation principle and efficiency of diesel particulate filters

Type

Operation principle

Efficiency

Disadvantage

Ref.

Centrifugal
separators (traps)

Mechanical filters

Electric filters

Winding of gas flow
and throwing off
particulates to periphery
due to centrifugal forces

Passing gas flow through
the filter material. Filter
materials are ceramics,
wire mesh and fibrous
materials.

Passing gas flow through
electric field. Solid

Low efficiency that does
not exceed 50 %

High efficiency,
reduce particulates
in the size range
of 15 to 500 nm
by more than 90 %.

Up to 999 %
at a low back pressure

Highly dispersed particles
with the size of 100—500 nm

and concentration about 5—10 %

are not trapped

Filter creates back

pressure at the engine exit.
They become clogged

with particulates and require
regeneration at temperatures
above 600 °C

The surface of electrode
isolators soon becomes

[26—28]

[29-34]

[35-37]

particles are deposited
onto the precipitating
electrodes

Catalytic filters Passing gas flow through
a filter material with
simultaneous soot
trapping and oxidation.
Wall-flow materials

are porous SiC, cordierite,
and other ceramics.
Catalytic layers are based

on Pt/CeO, and Pt/TiO,

Up to 99.9 %

contaminated with soot.
The efficiency depends on
the engine operation mode.
Filter is blocked with soot
particulates, which are not

[33, 34,
38—44]
oxidized at low exhaust

temperatures. The catalyst

provides passive regeneration

and reduces the regeneration
temperature below 500 °C.
Deactivation by SO,

The DOC catalyst adsorbs unburned hydrocar-
bons during the period when the emission gas
temperature and catalytic activities are low.
Then, it oxidizes the hydrocarbons as the emis-
sion temperature rises [2, 12]. However, the DOC
catalyst does not oxidize soot in the particulate
matter [14]. Conversion of particulates does not
exceed 25—35 %. Requirements of Euro 4 and
Euro 5 specifications for toxic compounds encour-
age purification systems to become multi-cata-
lytic [15]. Now the main parts of the diesel pu-
rification system are diesel oxidation catalyst
(DOC) [2, 12, 16—18], selective catalytic reduc-
tion catalyst (SCR) for NO, removal [15, 19—
25], and diesel particulate filter (DPF) [4—9, 14].

There are two major approaches to soot
reduction in diesel engine exhausts.

The first approach is to decrease the soot
formation during fuel combustion directly in the
engine by an upgrade of the diesel engine, spe-
cifically fuel injection system, gas recirculation
system, positioning of the oxidation catalytic
converter close to the engine, etc. Improvement

of the diesel fuel quality by adding H, and CO
to the fuel, and by using other types of fuel,
for example hydrogen, carbon monoxide, and
biodiesel also allows automakers to abate the
soot formation. Note that H, and CO can be pro-
duced from hydrocarbon fuel in an on-board
catalytic reactor.

The second approach is to remove soot from
the diesel exhausts by their filtration. A list of
different filtration methods, their operation
principles, efficiency and disadvantages are
reported in Table 3. Soot can be removed from
diesel exhausts using coagulation and precipi-
tation methods [3, 4], which are considered to
be slow and inefficient. Application of soot fil-
ters with catalytic coating is shown to be more
effective (see Table 3). Moulijn et al. [45] wrote
a comprehensive review on industrial diesel par-
ticulate filters and their perspectives. Fino et al.
[46] reviewed the industrial developments in soot
after-treatment systems by 2008.

Figure 2 demonstrates the design of a cata-
lytic converter with a soot-oil separator devel-
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Fig. 2. Design of the catalytic converter with soot-oil
separator [28]: 1 — steel casing, 2 — front reactor bottom,
3 — rear reactor bottom, 4 — inlet connection, 5 — outlet
connection, 6 — loading pipe, 7 — drain plug, 8 — outer
reactor tube, 9 — grid, 10 — perforated tube, 11 — Pt/Pd
catalyst, 12 — reactor director, 13 — impeller, 14 — punch
netting, 15 — air blast nozzle, 16 — partition, 17 — drain plug.

oped at BIC [28]. Exhausts enter the soot-oil sep-
arator where the particulate matter is separat-
ed from the gas due to the centrifugal force
and are collected in the soot trap. The exhausts
are filtered through a Pt (0.16 mass %), Pd (0.08

533

mass %)-alumina granulated catalyst bed where
the toxic components (CO, CH, NO,) are trans-
formed into non-toxic compounds (CO,, H,O,
N,). These catalytic converters were tested at
bench and on-road test runs during 1992—1994.
The total run of the converters reached
90 000 km. In the mode including free accelera-
tion and maximum idle running (Russian State
Standard GOST 21-393—-75), the post-treatment
system with a supported Pt—Pd catalyst pro-
vided the diesel exhaust purification from CO,
CH, and soot above 80, 80, and 50 %, respec-
tively [28]. Most part of soot accumulated dur-
ing 90 000 km of the on-road run was found to
be located in the soot-oil separators. Some soot
was also deposited on the external surface of
the spent catalyst granules. The CHNS analy-
sis and X-ray spectral fluorescence analysis
demonstrated that the carbon and sulphur con-
tents in the spent catalyst were about 0.8—1.1
and 0.4—0.8 mass %, respectively.
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Fig. 3. Diesel particulate filter image and operation principle.

Wall-flow
structure



534 S. A. YASHNIK and Z. R. ISMAGILOV

For the first time, “flow through monoliths”
catalytic filters were proposed by Howitt and
Montierth [47] and applied in 1988. These mono-
lithic ceramic filters had open channels. The
surface of the channels was covered by an alu-
mina or silica washcoat with high surface area
and small amount of Pt and Pd. These filters
reduced the particulate matter emissions by
oxidizing their soluble organic fraction togeth-
er with hydrocarbons and CO. They reduced
the particulate matter with the efficiency about
25—35 %, which was enough to comply with the
past standards [48]. Moreover, the modern priori-
ty is to implement a system composed of a cata-
lytic particulate filter and a NO,, removal system.

The current catalytic soot filter (Fig. 3) called
wall-flow type filter is designed as a honey-
comb monolith with alternating open and
plugged channels [5—9, 45, 46]. The exhaust
enters in a channel open at the inlet, filters
through the porous channel wall and exits
through an adjacent channel. During filtration
soot is trapped in the inlet channels and depos-
ited on their walls blocking them. These wall-
flow filters can trap near 98—99 mass % of the
emitted particulate matter with a reasonable
back-pressure. The filtering walls are made of
porous silicon carbide (SiC), cordierite or alu-
minium titanate coated by a catalytic layer [38—
46]. The porosity is precisely controlled during
preparation using pore-forming additives and
is about 45—50 % [49]. The average pore radius
is in the range of 10—20 pm. Pt/CeO, and Pt/
TiO, compositions [38—46], including these com-
position doped by Zr, La, and Pr cations [50—
52], are most often suggested as catalytic ma-
terials. Sometimes, transition metals, such as
Mn, Cu, Cr, Co, are considered as the active
component [45, 52]. They are cheaper than no-
ble metals but less active in soot oxidation [52].

A trademark technology “continuously re-
generating trap” was developed and commer-
cialized by Johnson Matthey [38—40, 53]. This
system utilizes oxidation of soot collected on
the DPF with NO, by converting NO to NO,
over a Pt-coated monolith. NO, is known to be
a much better oxidant than O,. As a result NO,
oxidizes soot at lower temperature compared
to oxygen (300—400 °C vs. 550—650 °C). This pro-
cess involves the following reactions: NO, + C =
CO + NO and CO + NO + O, = NO, + CO,,.

Passive regeneration is successful when the en-
gine operates in the maximum load mode. How-
ever, during driving in the city the exhaust tem-
perature is insufficient, and the soot is inten-
sively deposited on the filter walls clogging him.
This is the main disadvantage of catalytic fil-
ters. In this case, active regeneration is required.
It is based on soot oxidation to carbon dioxide
by O, over Pt—TiO, or Pt—CeO, catalytic wash-
coats. Active regeneration requires about 10 min
at 600—650 °C. This system provides near 90 %
decrease of particulate matter emissions.

A technology of an exhaust purification to Euro
4 using higher rates of a externally cooled ex-
haust gas recirculation (EGR) with the particle re-
duction technology PM-Kat was developed and
patented by MAN Nutzfahrzeuge [54]. Here, about
20 % of exhausts is selected from the main stream,
cooled to 200 °C, and again mixed with the air
coming to the engine. The exhaust gas recircula-
tion is designed to decrease the maximum com-
bustion temperature and form smaller quantities
of NO,. The particulate filter contains a corrugat-
ed metal trap and an oxidizing catalytic converter.
The soot is accumulated in the corrugated metal
trap due to induced turbulence. The oxidizing cat-
alytic converter provides NO oxidation to NO, over
catalytically active Pt particles. Carbon reacts with
NO, created at the first purification stage with the
formation of CO, and NO. The separation rate of
the solid matter microparticles is claimed to be 60 %
overall. Chemical processes proceed in PM-Kat
without consumption of external energy. This is
an open filter design. So, soot clogging does not
create pressure drop. However, when the filter is
filled by soot, the exhaust gases are not cleaned
from soot at all.

Toyota developed and employed from 2003
a diesel particulate-NO,, reduction (DPNR) sys-
tem as a post-treatment technology aimed at
simultaneous reduction of particulate matter
and NO, [55—57]. This system used the NO,
storage and reduction catalyst.

So, soot particles do not interact with oxy-
gen from the air at temperatures below 600 °C
[4], whereas typical diesel engine exhaust tem-
peratures fall within the 200—500 °C range [9,
12, 44] due to the low content of CO and CH
[2]. Therefore, an oxidation catalyst is neces-
sary to increase the oxidation rate of soot par-
ticles at low temperatures. This catalyst must
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be efficient in order to oxidize soot and regen-
erate the diesel particulate filter continuously,
since the soot accumulation could lead to an in-
crease in the pressure drop and engine mal-
function. The catalyst should be thermally sta-
ble because the temperature inside the DPF can
increase up to ca. 1000 °C due to the highly exo-
thermal soot combustion reaction. For Euro 5 and
Euro 6, a catalyst ensuring the removal of NO
and soot at the same time is attractive. In the
modern exhaust post-treatment systems, the
removal of soot and NO, are performed by
two modules: DPF coated by Pt-based catalysts
and DeNO,, reactor with Pt,Rh-based or MnO,/
Ce0O,~TiO,-containing catalysts. In this regard,
copper-substituted zeolites are promising. The
interest of researchers to Cu-substituted zeo-
lites (ZSM-5, SSZ-13, etc.) is caused by pros-
pects for their use in systems for diesel exhaust
purification from nitrogen oxides by selective
reduction by ammonia [58, 59] and hydrocar-
bons [19, 24, 25]. The activity of Cu-ZSM-5
catalysts in these reactions depends non-linearly
on the copper content due to the difference in
the electron state of copper cations. DeNO,
reactivity was found [19, 24, 25] to correlate
with the growth in the number of the isolated
Cu®" ions and Cu structures with extra-lattice
oxygen. Meanwhile, the reactivity decreases
when the content of copper-oxide clusters on
the external surface of the zeolite increases [25].

In this communication, some correlations
between the structure of catalytically active
Cu—ZSM-5 centers containing isolated Cu?*
ions, structures of Cu®" ions with extra-lattice
oxygen, clusters and nanoparticles of CuO, and
their reactivity in the soot oxidation by oxygen
and promoted by nitrogen oxides will be dis-
cussed. Precipitation of soot particles on the
external surface of Cu-ZSM-5 crystallites can
lead to catalyst deactivation due to blocking of
catalytically active centers. Soot inflammation
can lead to a change in the structure of the
active centers as a result of their overheating.

EXPERIMENTAL
Sooft characterization

The specific surface area (Sgrp) was calculat-
ed with the Brunauer—Emmett—Teller (BET)

method using nitrogen adsorption isotherms mea-
sured at the liquid nitrogen temperature with an
automatic Micromeritics ASAP 2400 sorptometer.
Powder XRD measurements were performed
with a HZG-4C diffractometer using the mono-
chromatic CuK, (A = 1.5418 A) radiation.
HRTEM images were obtained using a JEOL
JEM-2010 electron microscope with a lattice-
fringe resolution of 0.14 nm at the accelerating
voltage of 200 kV. High resolution images of
periodic structures were analyzed by the Fouri-
er method. Before measurements the samples
were prepared by ultrasonicating a small quan-
tity of the powder in ethanol for several min-
utes. The resultant slurry was then deposited on
perforated carbon films mounted on copper grids.
IR spectra were recorded with a Cary 660
FTIR spectrometer (Agilent Technologies) within
the range of 4000—250 cm™' at 4 cm™ resolu-
tion in the Attenuated Total Reflectance mode
using a GladiATR unit. The spectra of the cat-
alysts were measured without using diluents.
The thermal analysis was carried out with
a NETZSCH STA 449C apparatus in the tem-
perature range from 20 to 800 °C at the heat-
ing rate of 10 °C/min in air. The accuracy of
determining the mass losses and temperature
was 0.5 % and 5 %, respectively.

Catalyst preparation

Cu—ZSM-5 samples were prepared by the
ion exchange of parent H-ZSM-5 (Si/Al = 17)
with aqueous and ammonia solutions of cop-
per acetate, which had the NHZ/Cu2+ molar
ratio equal to 0, 3, 6, and 30 and pH close to
5.7, 9.5, 10.5, and 11.5, respectively. Copper
concentrations in solution were 5 g Cu/L. Am-
monia solutions of copper acetate were pre-
pared by addition of an ammonia solution to
an aqueous copper acetate solution. The slurry
concentration (the ratio of the solution volume
to the zeolite mass, S/Z) was 10. After 48 h of
the ion exchange at room temperature, the zeo-
lite samples were filtered and washed with dis-
tilled water or ammonia solution with pH 10.5.
All the samples were dried at 110 °C and cal-
cined in air at 500 °C. According to ESR, UV-
Vis DR and H,-TPR, the main copper state in
the calcined Cu—ZSM-5 catalysts prepared at
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the NH{/Cu®>" molar ratio equal to 0 and 30
were isolated Cu?" ions in cation exchange sites.
At NHJ/Cu®" = 6 the structures of Cu®*" ions
with extra-lattice oxygen in zeolite channels
predominated. Finally, at NH;}/Cu®>" = 3 CuO
nanoparticles located on the external surface
of zeolite crystallites were the main form of
copper [25]. Here the catalysts are referred to
as xCu(y)-ZSM-5-z, where x is the copper load-
ing in mass %, y is the NH}/Cu®" molar ratio
in copper-ammonia solution used for the cata-
lyst preparation, z is the Cu®**/AI** atomic ra-
tio in the catalyst, and ZSM-5 is the zeolite type.

Catalyst characterization

Oxidation of soot from diesel engines was
conducted in the temperature programmed ox-
idation (TPO) mode. A mixture of the catalyst
and soot (90/10) was thoroughly mixed to
achieve close contact between their particles. A
sample containing 0.3 g (0.5 cm?®) of the mix-
ture as 0.25—0.5 mm grains was loaded into a
quartz tubular reactor. Then a gas mixture con-
taining 10 vol. % O, in Ar (test 1) or 10 vol. % O,
with 450 ppm NO in Ar (test 2) with a space
velocity of 36 000 h™! was supplied into the re-
actor. The sample was heated from 50 to 700 °C
with a 10 °C/min rate. The catalyst bed tem-
perature was monitored by a chromel-alumel
thermocouple placed coaxially and internally in
the middle of the catalyst bed, making it pos-
sible to measure the temperature with *1 K
precision. A continuous gas analyzer TEST-1

equipped with electrochemical sensors was used
for the analysis of the gas mixture components
(CO,, CO, O,, NO, and NO,).

Additionally, the catalyst activity in NO
oxidation to NO, (test 3) was measured in the
temperature programmed reaction mode under
the same conditions over the catalyst load with-
out the soot (270 mg).

Pulse NO addition to the gas mixture (test 4)
was used to prove that NO promotes the soot
oxidation. The catalyst/soot mixture (270/30 mg)
was loaded in the tubular quartz reactor, and
a mixture of 10 vol. % O, in Ar was fed to the
reactor. After stabilization of the CO and CO,
emissions, 3.6 pmol NO was injected into the
reactor as a mixture of 0.35vol. % NO in Ar
for 2 min, and surplus CO and CO, emissions
were measured. These measurements were car-
ried out isothermally in the 300—500 °C tem-
perature range with ~25 °C increment.

To study the thermal stability fresh and
spent Cu—ZSM-5 catalysts were tested in se-
lective reduction of NO with propane in the
oxygen presence proceeding according to the
following reaction equation:
2NO + C;H;y + 40, = N, + 3CO, + 4H,0

Their catalytic activity was studied using a
fixed-bed flow reactor made from quartz and
heated by an electrical oven. The reactor tem-
perature was monitored by a chromel-alumel
thermocouple placed coaxially and internally in
the middle of the catalyst bed. The composi-
tions of the feed and reaction products were
determined with a TEST-1 analyzer with the

Fig. 4. TEM images of diesel soot particles accumulated in the soot-oil separator during on-road test with KAMAZ trucks.
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precision of 5 ppm for NO, 5 ppm CO,
0.005 vol. % for C;Hg and 0.1 vol. % for O,. The
catalytic activity was measured in the tempera-
ture range of 200—550 °C with the gas flow rate
42 000 h™'. The catalyst was mixed with 1-2 mm
quartz particles in a 1 : 1 ratio. The catalyst vol-
ume was 0.5 cm®. The feed consisted of 340 ppm
NO, 0.15 vol. % C;Hg, 3.1-3.2vol. % O,, and Ar
balance. The catalytic activity was characterized
as NO conversion (X, %) at desired temperature.

RESULTS AND DISCUSSION
Diesel soot properties

In our catalytic experiments we used auto-
mobile soot that was accumulated in the soot
and oil separators (centrifugal cyclones) of the
diesel exhaust post-treatment system with sup-
ported Pt and/or Pd catalysts during on-road
tests with KAMAZ trucks [28]. Soot particles in
diesel exhausts (the so-called particulate mat-
ter) are different both by the composition and
microstructure from commercial soot samples
(for example, Printex-U). As a result they have
different physicochemical properties and reac-
tivity. Firstly, in addition to solid carbon, the
diesel soot contains high amounts of adsorbed
volatile organic compounds from the unburned
fuel and products of its partial oxidation, which
makes its ignition easier [4—8]. Printex-U con-
tains higher percentages of fixed carbon and
lower percentages of volatile matter, ash and
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Fig. 5. XRD of diesel soot particles accumulated in the

soot-oil separator during on-road test with KAMAZ trucks.

wetness than the real diesel soot [5, 6]. Second-
ly, the diesel soot also contains some inorganic
compounds, e. g., sulphate ions, water and min-
eral incombustible residue (ash) [7—9].

Our diesel soot sample was first character-
ized by various methods. According to our
CHNS analysis, the contents of carbon, sul-
phur and nitrogen in the diesel soot accumu-
lated in the soot-oil separators were 56, 1.7 and
2.4 mass %, respectively. According to the X-
ray fluorescence analysis, the soot also included
mineral compounds containing (mass %): P 0.04,
Pb 0.006, Fe 1.4, Si 0.11, and Al 2.1. The diesel
soot sample had the specific surface area of
23 m?/g determined from the nitrogen adsorp-
tion/desorption isotherms. A TEM image (Fig. 4)
showed that the diesel soot consisted of nanos-
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with KAMAZ trucks.
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Fig. 7. TG, DTG, DTA curves of diesel soot particles accumulated in

during on-road test with KAMAZ trucks.

cale particles with a size of 50—70 nm comprised
of solid carbon having amorphous structure with
graphite-like layers observed by XRD (Fig. 5) and
Raman spectroscopy (Fig. 6, a). Aromatic com-
pounds on the surface of the soot particles and
characterized by adsorption bands in the range of
1620—1765 cm™ ! were detected by FTIR (see Fig.
6, b) in addition to some inorganic compounds

(SO? , 1265 and 1150 cm™!, and PO?", 1410 cm™).

The thermal analysis (Fig. 7) illustrated that the main
part of the soot sample from the diesel engine ex-
haust burned in the air in the temperature range
from 415 to 600 °C. The ash content was ca. 20 %. So,
the diesel soot combustion occurred at temperatures
lower by 50—100 °C than those of commercial sam-
ples [8] for both the catalytic and non-catalytic cases.

Soot abatement by oxidation on Cu-containing
ZSM-5 catalysts

We used four Cu-containing ZSM-5 catalysts
characterized by different oxidation properties
due to different states of copper ions: isolated
Cu®" ions, structures of Cu®' ions with extra-
lattice oxygen, and CuO nanoparticles. The first
copper state predominated in the catalysts 0.7 %
Cu(0)-ZSM-5-0.15 and 1.8 % Cu(30)-ZSM-5-0.38
with the copper content differing by a factor of
three. The second state predominated in the cata-
lyst 2.8 9% Cu(6)-ZSM-5-0.59 prepared by ion-ex-
change with copper-ammonia solution with NHZ /
Cu?* equal to 6. The third state was the main state
in the catalyst 3.8 % Cu(3)—ZSM-5-0.80.

the soot-oil separator

The results of soot oxidation by oxygen-
containing mixtures with and without the NO
admixture are presented in Fig. 8. A number
of conclusions can be drawn. First, the soot
gradually burns out over the Cu-zeolite catalysts
in a wide temperature range, 420—700 °C (see
Fig. 8, a, curves 3—6) instead of 470—520 °C on
quartz (see Fig. 8, a, curve 1). This proves that
temperature can be decreased to prevent the
local overheating of the catalytic bed. Second,
the NO addition to the oxygen-containing mixture
promotes the soot oxidation (see Fig. 8, b) due to
soot interaction with NO, formed under the
reaction conditions as shown by the reaction
equation: NO, + C = CO + NO. Note that NO,
was present in trace amounts (40—50 ppm) in the
final reaction mixture. Special experiments
(without soot) showed that NO is oxidized to NO,
over Cu-containing catalysts at lower
temperatures than in the absence of the catalyst
and the zeolite, near 200—400 °C versus 515 and
460 °C. The NO, concentration depended on the
catalyst composition and changed from 150 to
300 ppm. Third, a correlation of the catalytic
activity of the Cu-containing zeolites with the
structure of their catalytically active centers
showed that the structures of Cu®" ions with
extra-lattice oxygen in the zeolite channels and
square-planar clusters (Cu,0,),. on the surface
of zeolite crystallites (catalyst 2.8 % Cu(6)—ZSM-5-
0.59, see Fig. 8, b, curve 5) are more active
compared to isolated Cu?* ions (catalyst 0.7 %
Cu(0)—ZSM-5-0.15, see Fig. 8, b, curve 3) and
CuO nanoparticles (catalyst 3.8 % Cu(3)—ZSM-
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Fig. 8. Temperature plot of CO, evolution during catalytic oxidation of automobile soot in the TPO mode by
oxygen (a, 10 vol. % O, in Ar) and oxygen with NO (b, 10 vol. % O, and 450 ppm NO in Ar): 1 — quartz,

2 — H-ZSM-5, 3 — 0.7 9% Cu(0)—ZSM-5-0.15 with isolated Cu
nanoparticles, 5 — 2.8 9% Cu(6)—ZSM-5-0.59 with structures

>* jons, 4 — 3.8 % Cu(3)-ZSM-5-0.80 with CuO
of Cu®?" ions having extra-lattice oxygen, and

6 — 1.8 % Cu(30)-ZSM-5-0.38 with isolated Cu?* ions; soot concentration is 10 mass %; temperature increase

rate is 10 °C/min.

5-0.80, see Fig. 8, b, curve 6). As a result, the catalyst
2.8 % Cu(6)—ZSM-5-0.59 has lower starting
temperature of NO-promoted soot oxidation
(460 °C), ensures higher soot conversion (90—95 %)
and lower concentration of the formed CO (at more

TABLE 4

50 ppm) in comparison with the other catalysts
(Table 4). The catalyst 2.8 9% Cu(6)—ZSM-5-0.59
possesses the best catalytic behaviour in NO oxidation
to NO,, providing 30 9% NO conversion at 185 °C and
67 at 400 °C when the catalyst was without soot.

Results of temperature-programmed soot oxidation by oxygen and oxygen with NO over different catalysts

No. Catalyst Cu main state Soot oxidation Soot oxidation
by oxygen by oxygen with NO (400 ppm)
Thax 'C XC, % Toax °C XC, % CCO, ppm CNO, ppm
(T ax °C)
1 Quartz - 495-505 75 505 75 12000 (510) 35—-50
2 H-ZSM-5 - 540, 660 57 505 57 1700 (530) 30—-60
3 0.7 % Cu(0)-ZSM-5-0.15 isolated
Cu®" ions 510, 630 75 505 75 150 (270)  10-35
4 3.8 % Cu(3)—-ZSM-5-0.80 CuO nano-
particles 540, 630 62 530—550 62 100 (500) 30—-80
5 2.8 % Cu(6)—ZSM-5-0.59 structures
of Cu®" ions
with extra-
lattice oxygen 460 95 460 93 50 (200—600)20—40
6 1.8 % Cu(30)-ZSM-5-0.38 isolated Cu®" 510, 630 86 490 86 170 (500) 10—40
ions
Note. T,,, is temperature at which maximum soot conversion is observed; XC is total soot conversion; CCO is

maximum concentration of carbon monoxide in the reaction product and temperature of its formation; CNO is maximum
concentration of nitrogen dioxide in the reaction product.
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Fig. 9. NO, NO,, CO, and CO, concentrations over the catalyst 2.8 % Cu(6)—ZSM-5-0.59 with structures
of Cu®' ions having extra-lattice oxygen during test of soot oxidation by oxygen with NO pulses.

The same result was obtained in the NO pulse
mode. A typical pattern of CO,, CO, NO, and
NO, evolution over the catalyst 2.8 9% Cu(6)—
ZSM-5-0.59 upon NO injection into O, (10 vol. %)
in Ar stream in the temperature range of 285—
565 °C is shown in Fig. 9. The NO pulse results
in the NO oxidation to NO, and soot oxidation
to CO and CO,. Significant concentrations of
CO, are registered already at 315 °C and reach
a maximum at 445—490 °C. The number of NO
recycles for the catalyst 2.8 % Cu(6)-ZSM-5-
0.59 — soot mixture varied from 2 to 40 with
temperature increasing from 315 to 445 °C. For
the catalyst 0.7 % Cu(0)-ZSM-5-0.15 with iso-
lated Cu?* ions, the numbers are lower in agree-
ment with the lower activity in NO to NO,, oxi-
dation. Over 0.7 % Cu(0)-ZSM-5-0.15 the soot
oxidation promoted by NO begins at 340 °C, the
number of NO recycles varies from 1 to 30 in
the temperature range of 340—440 °C. Appar-
ent activation energy of soot oxidation calculat-
ed on the basis of temperature dependences of
NO to NO, recycling was found to be near 95—
115 kJ /mol. This value is slightly higher than the
one published for Pt-containing catalysts (50—
75 kJ/mol) [60—62]. The difference is explained
by lower activity of Cu—ZSM-5 catalysts in the
NO oxidation to NO.,,.

Since the soot oxidation reaction is highly
exothermal, the catalyst can overheat up to tem-
peratures as high as 1000 °C during the DPF
regeneration. At such temperatures the copper
active centers in the Cu—ZSM-5 catalyst can be
changed due to sintering of the copper species
and destruction of the zeolite lattice. As a re-
sult, DeNO,, properties of Cu—ZSM-5 catalysts
will worsen. Therefore, we decided to study the
catalytic behaviour of fresh and spent Cu—ZSM-5
catalysts in SCR of NO by propane. This reac-
tion allows us to remove NO from diesel exhausts.
The results of NO SCR by propane are shown
in Fig. 10 as NO conversion vs. temperature.

In the temperature range of 200—550 °C,
the main products of NO reduction by propane
over Cu—ZSM-5 catalysts were N,, CO,, CO
and H,0O. The NO conversion grows with tem-
perature and reaches 99.5 % at 320 °C over the
fresh 2.8 9% Cu(6)—ZSM-5-0.59 catalyst. Then it
remains virtually constant up to 450 °C (see Fig.
10, a, curve 1). The propane conversion also
increases with temperature and reaches 98 %
at 345 °C (see Fig. 10, b, curve 1). The same
NO transformation characteristics are also ob-
served for the spent catalysts. Their tempera-
tures of 50 % conversion vary in a narrow tem-
perature range from 277—-283 °C (see Fig. 10, a,
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Fig. 10. NO (a) and propane (b) conversion over the catalyst 2.8 % Cu(6)—ZSM-5-0.59 with structures
of Cu®" ions having extra-lattice oxygen, fresh sample (1) and samples after soot TPO by oxygen (2),
soot TPO by oxygen with NO (3), and soot oxidation by oxygen with NO pulses (4).

curves 2—4). The oxidizing ability of the spent
catalyst 2.8 % Cu(6)—ZSM-5-0.59 changes
slightly more. For example, the temperature of
50 9% propane conversion increases from 300 °C
to 307—=317 °C. The catalyst tested in the NO
pulse mode has the highest temperature of
50 % propane conversion (T ¢ (CsHg) = 317 °C).
This is probably related to the presence of soot
residues in the catalyst, which block the access
of propane to the catalytically active Cu centers.

The activation energy calculated from the
NO and C;Hg conversion rates in the Arrhenius
coordinates for the fresh and spent catalysts
did not change much and was equal to 120—
135 kJ/mol for NO transformation and 120—
130 kJ/mol for C;Hg transformation.

Since the catalyst did not lose its activity in
selective reduction of nitrogen oxides by pro-
pane, we concluded that the structure of the
catalytically active centers in the catalyst 2.8 %
Cu(6)—ZSM-5-0.59 was not changed during the
temperature-programmed soot oxidation reac-
tions (see Fig. 8), at least during a single run of
the soot oxidation procedure. This assumption was
confirmed by the UV-Vis DR and ESR data.

Cu-containing zeolites combine good soot
oxidation activity with unique DeNO, behav-
iour. Their characteristics depend on the cop-
per electronic state. The Cu—ZSM-5 catalysts

containing copper structures with extra-lattice
oxygen possess the most promising properties
for diesel soot oxidation.

CONCLUSIONS

In this review, we summarized the avail-
able information about the problem of the soot
formation in exhausts of diesel engines and
methods for its solution.

The leading manufacturers of diesel exhaust
purification systems recommend application of
diesel particulate filters with a catalytic coat-
ing as a more effective alternative to coagula-
tion and precipitation. Pt—CeO, and Pt—TiO,
catalysts coated on the DPF walls significantly
decrease the soot ignition temperature to ap-
proximately the diesel exhaust temperatures.
However, Pt and other noble metals are ex-
pensive and sensitive to sulphur poisoning. With
tremendous progress achieved in Pt-based cat-
alysts, there are still many challenges to de-
velopment of better soot oxidation catalysts.

Cu-containing zeolites are candidate catalytic
materials for DPF. The Cu—ZSM-5 catalysts com-
bine good soot oxidation activity with unique
DeNO.,, properties. The Cu=ZSM-5 catalyst for-
mulation and especially the copper electronic
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state was shown to play a significant role in soot
oxidation, as well as DeNO,, behaviour. Soot ox-
idation by oxygen with NO over Cu—ZSM-5 cat-
alyst having the structure of Cu®" ions with ex-
tra-lattice oxygen takes place at low combus-
tion temperatures with high selectivity to CO.,,.
The design of multi-component catalysts and
the control of the catalyst morphology are
promising trends for developing advanced soot
oxidation catalysts with high oxidation activi-
ty, high thermal stability, and long life-time.
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AnHoTanusa

Jlu3esibHBIE OBUTATENV BbIOPACBIBAIOT C IPOAYKTaMM CrOPaHMA B aTMOCKepy JacTMUI[b CayKy, 4TO Hambo-
Jlee KPUTUYHO JJIA DKOJIOTMM IIPOMBIIIJIEHHBIX ropofoB. Caska MM TBepJble YaCTUIbI, BEIOpacblBaeMble BMeC-
Te ¢ oTpaboTaHHBIMM Tra3aMy AM3eJbHBIX IBUTaTeJel, COIepsKaT TBEPAbI YIJIepos, ancopdupoBaHHbIE Opra-
HIYECKME COeNVIHEHMA M3 HECTOPEBIIEro TOILIMBA M IIPOAYKTOB €ro IaplyaJibHOTO OKMCJIEHN:A, a TaKyKe He-
OpraHMYecKle BeI[eCcTBa, TaKye KaK CyJIbgaT-MOHBbI, BOJA ¥ HECTOPAEMbII MIUHEPAJIbHBI OCTATOK.

B nanHOM 0030pe paccMOTpPEeHBI CIIOCOOB! YAAJIEHNA YaCTHUI] CaKM 13 0TPabOTaHHBIX ra30B IMU3EJbHBIX IBU-
rareJsel, a Tak)Ke [IPOAHAJIM3MPOBAHbI COBPEMEHHbIe TeHJeHIMM 1 pekoMeHgarmy. Caka MoKeT ObITh yaaJie-
Ha 13 OTPabOTAaHHBIX ra30B AM3EJbHBIX JBUTATEJIEH IIyTeM IIPOI[eCCOB KOATyJALM U OCAKIEHNs, KOTOpbIe,
OIHAKO, He obecreunBaioT TpedyeMyo 3p(peKTUBHOCTb OUMCTKI. VICIoIb30BaHNMe CasKeBBIX (PUIBTPOB C KaTa-
JIUTUYECKVM IIOKPBITHEM ABJAETCA 0oJee d(P(PeKTUBHBIM CIIOCOO0OM yAaJIeHMsA CaskM 13 OTPabOTaHHBIX Tal30B.
Katamutuyeckne HOKpBITMA Ha OCHOBe Pt-comepsKalimx KOMIIO3UINI 00eCrIeuyBalOT OKMUCJIEHME CAXKU IIpu
550—650 °C. JlobaBnenne NOx B orpaboTaHHBIE ra3bl IIO3BOJIAET CHU3UTH TEMIEPATYPY OKUCIEHNUA CAKU JI0
300—400°C na Pt-rarammsaropax n Cu-comepskalmx 1eoJanTax.

Karogernie cioBa: caska, oTpaboTaHHBIE Ta3bl AM3EJbHBIX IBUTATEJIEN, KaTaJM3aToOP OKNUCIEHNUA IJs oTpabo-
TaHHBIX ra30oB AuaesibHOro asuratesisa, Cu—ZSM-5






